Adapting Agriculture to Climate Variability and Change: Capacity Building Through Technological Innovation by Netra B. Chhetri
Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)
Interested in publishing with us? 
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com
Open access books available
Countries delivered to Contributors from top 500 universities
International  authors and editors




the world’s leading publisher of
Open Access books






Adapting Agriculture to Climate Variability and 
Change: Capacity Building Through 
Technological Innovation  
Netra B. Chhetri 
School of Geographical Sciences & Urban Planning 
Consortium for Science, Policy, & Outcomes, 
Arizona State University, Tempe, AZ, 
USA 
1. Introduction 
Agricultural adaptation is an ongoing and dynamic process through which agrarian 
societies adapt to changing socioeconomic, technological, and resource regimes. Historically 
farmers have learned to thrive in a wide range of climatic conditions, ranging from extreme 
cold to hot temperature and from very dry to humid climate (Easterling et al., 2004). 
Variations in climatic resources across space and time have also acted as source of 
technological and institutional innovations (Hayami and Ruttan, 1985; Chhetri and 
Easterling, 2010). Human managed systems are continually responding to climatic 
conditions (Jodha, 1978), exhibiting their inherent potential for adaptation to future climate 
change. Examples of agricultural adaptation to climate also include translocation of crop 
across thermal gradients (Easterling, 1996; Gitay et al., 2001), substitution of new crops for 
old ones (Smithers and Blay-Palmer, 2001) and innovation of technologies to alleviate 
climatic constraints (Chhetri and Easterling, 2010).  
Agricultural adaptation to emerging threat brought about by changing climate is entirely a 
different matter. Climate variability and change, especially the extremes, may create a new 
level of risks outside the realm of past experiences such as more frequent and extensive 
drought, abrupt break in seasonal rainfall, and extreme heat (Adger et al., 2007). It appears 
important, therefore, to seek to enhance the capacity of farmers to respond and adapt to 
such impacts of climate change. Agricultural adaptation, however, can be undertaken by 
range of stakeholders including farmers, public institutions, communities, civil society 
(NGOs) and private sectors. A sustained effort to adaptation in agriculture therefore 
demands an active engagement of various stakeholders so that location-specific technology 
is innovated to adapt to climate change.      
While studies consistently show that climate change may not imperil the ability of world’s 
agriculture to maintain food security in the short term (Gitay et al., 2001, Fischer et al., 2005, 
Easterling et al., 2007), it may challenge farmers to adapt in regions where it could be 
stressful and where new climate-induced opportunities remain unanswered. Agricultural 
adaptation, as a response to climate change, is contingent upon various factors including 
agro-ecological thresholds; values and cultural norms; agricultural policies and markets; 
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and the availability of technological choices for farmers (Reilly et al, 1996; Heyd and Brooks, 
2009; Chhetri and Easterling, 2010).  
Technology can potentially play an important role in adaptation in agriculture, yet much 
of what is known about the process of technological innovation in agriculture has yet to 
be captured in discussions of climate change adaptation. The time may now be opportune 
for a much broader debate on how technology might help adapt. This paper begins by 
discussing the role of technology in modern agriculture to illustrate the means through 
which society may respond to minimize the impacts of climate change in agriculture. This 
is followed by discussion of the values of climatic sensitive technological innovation in 
agricultural adaptation in the future. More specifically this section argues need for a close 
coupling of climate and technology so that location-specific technologies are delivered to 
and adopted by farmers. Fourth section illustrates the importance of understanding 
adaptations through analogy so that effectiveness of the adaptations practices to past 
climatic extremes across space and time can be examined. While the examples of farmers’ 
response to extreme events of the past may not be directly applicable to a future 
adaptation, the insight may be gained about how the adaptation process may unfold in 
the future. In section five the premise of the hypothesis of induced innovation is discussed 
as it suggests an important pathway for the interaction of climate and technology and for 
the study of the agricultural adaptation to climate variability and change. The concluding 
section of this paper emphasizes the significance of technological innovation in 
agricultural adaptation in the future.  
2. Role of technology in modern agriculture 
While climate change poses a fundamental challenge often outside the range of current 
and past experiences, it is reasonable to expect that farmers and their supporting 
institutions would respond to new crop growing environments brought about by 
climate change the same way they have responded to climatic limitations of the past 
(Chhetri and Easterling, 2010). Insights for agricultural adaptation that confront us 
today may well be found in the experience of handling climatic challenges across 
various regions. Yet the science of adaptation has not progressed to the point where we 
have fair understanding of factors that enables smooth adaptation to new climate of the 
future. Much of what is known about the process of technological innovation has yet to 
be captured in discussions of agricultural adaptation to climate change. It is true that 
technological innovation in agriculture does not evolve with respect to climatic 
conditions alone; non-climatic forces, such as market and other social factors, clearly 
play a significant role. Yet research efforts in understanding the processes of 
technological change driven by climatic factors are pivotal to make any assertion about 
likely adaptation of agriculture to climate change.  
Innovation, a process through which new (or improved) technologies are developed and 
brought into widespread use, have been, and will continue to be, central to adapting to 
climate change. For example, not only new and improved agricultural technology is 
crucially needed to adapt to changing climatic means and associated variability, it is also a 
solution space for addressing the food security challenge of ever growing population of the 
world. Additionally, new and carefully designed technologies may enable society to 
increase their robustness to tackle the emerging challenges emanating from climate and 
other ongoing changes. Innovation of technologies, however, is a nonlinear process. It is the 
www.intechopen.com
Adapting Agriculture to Climate Variability  
and Change: Capacity Building Through Technological Innovation 
 
183 
product of constant interaction and feedback between social space (where individual 
interact) and organizational space mediated by infrastructure wherein individual and 
institutions operate. Therefore technological innovation involves the engagement of 
institutions and individuals in this space that cannot be trivialized. Depending on the nature 
and type, the process of technological innovation involved different institutional 
arrangement. In agricultural systems, for example, technological innovation has resulted in 
a more complex and sophisticated human-environment relationship in rice production. 
According to Chhetri and Easterling (2010), research establishment Nepal has used climate 
as one of the drivers of research and development of technologies in agriculture whereby 
multiple stakeholders, including farmers and NGOs, have worked together to develop 
technologies that consider local needs and climatic conditions.  
A study by Smithers and Blay-Palmer (2001) also shows the role of farmers and their 
supporting institutions in alleviating the constraints of climate to soybean in Canada. A 
fundamental climatic constraint to soybean cultivation in Ontario, Canada was the 
prevalence of cold night temperature during its flowering period, confining soybean 
cultivation to the extreme southwestern portion of the province. A key innovation to 
address this constraint was the introduction of cold-tolerant genetic material, Fiskeby63, 
from Sweden that led to the development of Maple Arrow cultivar that eventually played a 
vital role in the eastward spread of soybean crop. Between 1970 and 1997, the total acreage 
planted to soybean increased by over 500 percent, with the expansion being attributed to a 
series of technological innovations made in response to the climatic condition of Ontario 
(Smithers and Blay-Palmer, 2001). According to Smithers and Blay-Palmer (2001), 
technological innovations were not only confined to development of cultivars but also to a 
range of agronomic activities including modification of planting time and crop rotation 
interrupted pest cycle enhancing the cultivation of soybean.  
The development of cowpea cultivars in the African Sahel illustrates the example of 
technological substitution in response to existing variability in climatic resources.  To escape 
the effects of drought, scientists in the African Sahel developed early maturing cowpea 
cultivars with different phenological characteristics. To avoid the effects of late season 
drought, they developed two cowpea varieties (Ein El Gazal and Melakh) that mature 
between 55 – 64 days after planting (Elawad and Hall, 2002). Similarly, to avoid mid-season 
drought, scientists also developed a cowpea variety (Mouride) that matures between 70-75 
days after planting (Cisse et al, 1997). Unlike Ein El Gazal and Melakh, that begin flowering 
between 30-35 days from sowing and have synchronous flowering characteristics, the 
Mouride variety starts flowering in about 38 days after planting and spreads out over an 
extended period of time, thereby escaping the midseason drought. Additionally, to enhance 
the chances of significant grain production, agriculturists in this region developed an 
innovative cropping technique where both types of cowpea (short and medium maturing) 
are planted together so that the climatic input is optimized (Hall, 2004). Infrastructural 
innovation like the development of efficient irrigation infrastructure has been very effective 
in stimulating growth in agricultural production (Pinstrup-Andersen, 1982). In South and 
Southeast Asia, outcomes of the Green Revolution, characterized by development and 
diffusion of high yielding varieties (HYVs) of food crops, made possible by the availability 
of irrigation water, and early maturing HYVs facilitated by wider distribution of chemical 
fertilizers to maintain productivity, are considered to be positive developments, despite 
criticisms regarding distributional inequities and environmental concerns (Evenson and 
Gollin, 2000).  
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3. Sensitivity of technology to climate 
Sensitivity of technological innovation to climate can serve as a potent means to adapt to 
progressively changing climatic mean and variability. The crux of the problem is whether or 
not climate variability and change serves as a driver of appropriate technological change. 
While ongoing research on climate change and agriculture is deepening the level of 
understanding, much of what is known about the process of technological innovation in 
agriculture has yet to be captured in discussions of climate change adaptation (Chhetri and 
Easterling, 2010). While non-climatic forces, such as market and other social factors, clearly 
play a significant role (Brush and Turner, 1987; Liverman, 1990), research efforts in 
understanding the processes of technological change driven by climatic factors are pivotal to 
making any assertion about likely adaptation of agriculture to climate change (Rosenberg, 
1992).  For example, research shows that the patterns of technological innovation in 
agriculture have generally served to reduce the dependence on the scarcest resources in 
each country where high rates of productivity growth have been observed during the 20th 
Century (Hayami and Ruttan, 1985). This experience suggests that if climate change causes a 
change in resource scarcities, public institutions do have some capacity to respond to those 
evolving scarcities. It is important to note here that for the assessment and analysis of 
climate adaptation, much of the agricultural technology that was developed in response to 
resource scarcity has been largely ignored. It is crucial to understand how climate and 
technology are interacting in agriculture so that a reasonable prognosis can be made about 
the possible adaptation to impending challenges of climate change.  
Climate-technology interaction occurs when location-specific technologies are delivered to 
and adopted by farmers to address climatic limitations or opportunities in crop growth and 
development. This interaction is vital because greater crop yield is desired by all farmers 
regardless of the range of climatic conditions in which they farm. For example, an optimal 
cultivation of rice is possible only when climatic conditions are favorable that invariably 
means an inadequate supply of climatic resources (e.g. rainfall) adversely affects 
productivity. It is important therefore to understand how climatic limitations provide 
incentives for farmers to urge the institutions that support them to invest in research and 
development of location-specific technologies that substitute for climatic scarcity. The 
implication of this assertion is that regions that do not have location-specific technologies 
and/or infrastructure in place would not be able to cope and adapt to the changing future 
climate.   
Translating this argument, as presented in the conceptual model (Figure 1), the induced 
innovation hypothesis suggests an important pathway for the interaction of climate and 
technology and for the study of the agricultural adaptation to climate change. The next 
section this paper will take the discussion further to include the role of technological change 
in climatic adaptation through the conceptual framework of the hypothesis of induced 
innovation. The justification for this approach is built on the premise that in order to know 
how well society might be prepared to adapt to changing climatic conditions, it is important 
to understand how well society has instituted technologies to address uncertainties 
emanating from climatic and other livelihoods stressors in the past, and consequently to 
minimize the risks associated with it. In addition, exploring the ways in which climatic 
uncertainties (unknown) induce or hinder technological innovations as means to respond to 
climatic constraints can have important implications for the analysis of agricultural 
adaptation in the future.  
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Fig. 1. Induced technological and institutional innovations: a conceptual perspective. 
4. Understanding adaptation by analogy 
One of the challenges in understanding the impacts of climate change on agriculture is 
gaining insights of how farmers and their supporting institutions interact to adapt to 
changing climatic conditions. Understanding adaptations through analogy may help 
evaluate the effectiveness of potential adaptation strategies by comparing observed 
adaptations to past climate extremes across space and time. Usually events that have had a 
similar effect in the recent past are compared to the likely impact of future events associated 
with climate change, assuming that lessons can be learned from such past experience and 
then applied to future situations. Although an example of adaptation in one place at a 
particular time is not always applicable to a future adaptation at a different place, the 
insight may be gained about how the adaptation process may unfold in the future. 
Analogues of technological innovation in agriculture and their relevance to climate change 
and adaptation include deliberate translocation of crops across different agro-climatic zones, 
substitutions of new crops for old ones, and substitutions of technology induced by scarcity 
of resources. Examples of crop translocation include thermal expansion of hard-red winter 
wheat in the Great Plains region of the United States and Canadian Prairie (Rosenberg 1992), 
and the expansion of the northern boundary of winter wheat in China, aided by the 
introduction of freeze-resistant varieties from Russia and Canada (Lin 1997, Chen and Libai, 
1997). According to National Research Council (NRC, 1999), adaptation of canola in 
Canadian agriculture in the 1950s and 60s also shows the rapidity with which farmers and 
their supporting institutions adapt to market signals.  
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In response to the reduction of a frost-free growing season, farmers in Australia have 
modified their choice of cultivars in wheat (Meinke et al., 2003). For example, in Central 
Queensland, the average frost period shrunk from approximately 80 days at the end of 19th 
century to about 17 days at the end of 20th century. In response to such a change in growing 
season length, wheat in this region is sown earlier than they were in the 1950s and 1960s, 
targeting flowering dates of early to mid August to maximize grain filling period. Likewise 
farmers in the semiarid tropics of Kenya and Ethiopia have been able to increase water use 
efficiency through a combination of water harvesting techniques and drip irrigation that 
have enabled them to diversify cropping systems and minimize risk from increasing 
drought spells and erratic rainfall pattern (Ngigi et al., 2000). These examples provide 
evidence of adaptive research specifically targeted to address location-specific climatic 
needs. Yet, notwithstanding this recognition, there is a dearth of research that explains the 
role of climate as a stimulus for innovation of appropriate technologies (Ruttan, 1996).  
5. Agricultural adaptation and the hypothesis of induced innovation  
For the purpose of this paper, the term agricultural adaptation, following Easterling et al. 
(2004), refers to the actions that farmers and their supporting institutions take to reduce 
impacts or take advantage of new opportunities that may arise as a result of climate and 
other ongoing changes. Nearly two decades of research show that without adaptation, 
climate change is generally problematic for agricultural production (e.g., Reilly et al., 1996; 
Gitay et al., 2001; Easterling et al., 2007). Adaptation, in general, may lessen future yield 
losses (Easterling et al., 2007) or may improve yield gain in regions where new opportunities 
brought about by changing climate (e.g. extended growing season) have been seized upon. 
An overall synthesis by the Assessment Report Four (AR4) of the Intergovernmental Panel 
on Climate Change (IPCC) that plotted yields of three cereal crops (rice, wheat, and maize) 
against degrees of average local warming and associated changes in CO2 shows that 
moderate to medium change in local temperature (1-30C) could have a small positive effect 
in yield in mid-to high-latitude regions. In the low-latitude regions simulation studies 
showing even moderate temperature change (1-20C) would likely have a negative effect on 
crop yields (Easterling et al., 2007). Although vulnerability of agriculture, defined here as 
the extent to which change in climate may damage food production from climate change net 
of adaptation, is greater in developing countries as compared to the developed countries, in 
both cases adaptation clearly ameliorates losses in yield. This reasoning has made the case 
for adaptation even stronger with clear indications that adaptation can only be ignored to 
the detriment of food security.  
Articulated by Hayami and Ruttan in the early 1970s, the hypothesis of induced innovation 
has earned wide recognition in the field of agricultural development. It refers to the process 
by which societies develop technologies that facilitate the substitution of relatively abundant 
factors of production for relatively scarce factors in the economy. The hypothesis posits that 
the development of new technologies in agriculture is a continuing process induced by 
differences in the relative scarcity of resources, and is signaled by change in resource 
endowments. Furthermore, this hypothesis has emerged as a basis for understanding 
potential future agricultural adaptation to climate variability and change. Study by Chhetri 
and Easterling (2010) show an evidence of climate-induced innovation supporting the 
assertion that if farmers and public institutions are engaged in “co-production” of 
agricultural technologies, they are able to respond to climatic challenges much more readily 
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than would have been possible otherwise. It is reasonable, therefore, to argue that the 
process of technological change represents an essential element of agricultural adaptation to 
climate change. As shown in Figure 1, climate change may alter these climatic resources by 
changing growing season length and soil moisture regimes, and by adding heat stress to the 
plant. Such changes, following the hypothesis of induced innovation, will provide 
appropriate signals to farmers and public institutions to induce technologies suitable for the 
new environment. Eventually, farmers and their supporting institutions will develop 
technologies to avoid the deleterious effects of climate change in agriculture. Some of these 
new technologies, however, may have positive feedback to climate systems and other could 
have negative feedback. The strength of this simple framework lies in its ability to highlight 
the central role of climate as a motivator of technological innovation and ultimately as a 
source of adaptation. Within this conceptual framework, it is important to examine the role 
of spatial and temporal variability in climate as an incentive to the innovation of 
technologies. 
The hypothesis of induced innovation gained prominence with the publication of Yujiro 
Hayami and Vernon Ruttan’s book, Agricultural Development: An International Agricultural 
Perspective in 1971 and 1985. In their work Hayami and Ruttan (1985) provide a powerful 
insight into the process of technological innovation in agricultural development. An 
important revelation into their analysis is the decomposition of changes in output per unit of 
labor into change in output per unit of land. These two factors of production are seen as 
“relatively independent” and associated with two different paths – one typified by the 
experience of the United States where progress in mechanical technology facilitated the 
substitution of power for human labor, and the other typified by the Japanese experience, 
where the progress in biological technology increased the productivity of land (p. 171).  
The different paths of technological change in agriculture for the U.S. and Japan were 
shaped by differences in relative scarcity of resource endowments (labor and land). 
Throughout the period of 1880-1980 Japanese farmers used more fertilizer per hectare than 
the U.S. farmers. The U.S. farmers, in turn, used more machinery per worker than the 
Japanese farmers. In Japan, where land is relatively scarce, it was progress in biological 
technologies that led to increased response of rice varieties for higher level of fertilizer 
application. But in the U.S., where labor is a relatively scarce factor, it was the process of 
mechanization, first with animal and later with farm machinery (e.g., combine harvester), 
which facilitated the expansion of agricultural production by increasing the area operated 
per worker. In both cases, a process of dynamic adjustment to change in resource 
endowment was achieved through the innovation of appropriate technology.    
To date, the hypothesis of induced innovation has been used to explain the relationship 
between resource endowment and the development of new technologies. There is now a 
substantial body of literature documenting the process of induced technological change 
in both developed and developing countries, and particularly the development of 
alternative technological trajectories to facilitate the substitution of relatively abundant 
factors for relatively scarce ones (e.g. Thirtle and Ruttan, 1987; Islam and Taslim, 1996; 
Thirtle et al., 1998). Studies on land and labor productivities for a broad range of 
counties and major geographic regions are broadly consistent with the hypothesis of 
induced innovation.    
While the hypothesis of induced innovation has been credited with responding 
appropriately to the factor of production in agriculture, the role of climate as a stimulant for 
technological innovation remains largely unexplored. Little is known about the manner in 
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which technology has altered the relationship between climate and society and the roles that 
climate has played in development of the new innovations. The interaction between climate 
and technology depends upon whether new technology encourages capital to be a 
complement or a substitute for climate (Mendelsohn et al., 2001). For example, if the 
marginal productivity of technology is higher for farms in an ideal climate, technology and 
climate could complement each other. In this case, technology is targeted to the ideal 
climate, making farmers in this environment more productive than farmers in marginal 
locations. However, if marginal productivity of technology is equal or better in a relatively 
unfavorable climate compared to the favorable one, then technology is said to have 
substituted for climate. Following the assertion made by the hypothesis of induced 
innovation, this is a desired condition if agriculture is to adapt to changing climatic 
resources in the future. 
Although future climate is uncertain, the critical issue is how the research establishment has 
perceived the scarcity of climatic resources and how has this perception allowed them to 
integrate their attempts to innovate technology needed for farmers to respond to the 
evolving climate. Thus, the perception of resource scarcity, in this case climate, enters the 
Research and Development (R&D) process through interaction between farmers and the 
public institutions responsible for generating technologies. In the context of climate, 
mechanical innovations include irrigation, conservation tillage, leveled terracing, and 
integrated drainage systems – all of which are essential to widen agricultural activities that 
existing climatic resources would have, otherwise, not permitted. Biological innovations, on 
the other hand, also have significant roles in enabling agriculture to adapt to a wider range 
of climatic conditions. For example, through investment in crop-improvement programs, 
societies can develop varieties that are resistant to pest and diseases or tolerant to heat and 
drought, all pivotal in ameliorating the impact of climate change. If the farmers and their 
supporting institutions have not acquired the capacity to innovate technologies specific to 
their resource endowments, they will find it difficult to adapt to new and emerging climate. 
At its core, agricultural adaptation is about the capacity of all stakeholders to shift strategies 
to develop food production systems that are robust enough to withstand change driven by 
climate and other stressors.  
6. Conclusion 
The IPCC AR4 (IPCC, 2007) concludes that the Earth is committed to at least as much 
warming over the next 90 years as was experienced in the 20th century, even if greenhouse 
gas emissions were immediately curtailed to 2000 levels. This means that agricultural 
adaptation to climate change is inevitable. Studies conducted over two decades have 
identified a range of potential agricultural adaptations options for farmers. Most of these 
are extensions of existing risk management activities such as alteration of planting times 
to avoid temperature stress during critical plant growth and development stage, targeted 
irrigation to reduce water stress, and breeding of drought resistant cultivars. Some of 
these have been assessed as having substantial potential to offset negative effects of 
climate change. However, there has been little evaluation of how effective these and other 
adaptations may be given the complex nature of farm decision-making, the likely 
diversity of responses within and between regions, the possible interactions between 
different adaptation options, and the economic, institutional and cultural barriers to 
change.  
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According to the hypothesis of induced innovation, advances in knowledge can permit the 
substitution of more abundant resources for increasingly scarce resources to reduce the 
constraints for agricultural production. For example, innovation of early maturing cultivars 
has the greater potential of escaping the effects of drought that would be increasingly 
important to address the limitation of water scarcity due to a change in rainfall pattern. This 
may be done through the development of crop varieties that can perform even better with 
short supplies of water; through employment of water conserving techniques, such as 
conservation tillage farming; and/or through the development of efficient irrigation 
techniques, such as drip irrigation that maximizes the use of available water. In response to 
inadequate and or unreliable precipitation, it is reasonable to assume the same responses 
from farmers and their supporting institutions (Glantz and Ausubel, 1988). Characteristics 
of ongoing mechanisms used by farmers and their supporting institutions to manage their 
agricultural systems do provide information about the processes by which future adaptation 
may take place in the face of climate change.  
If the systems of food production is thriving, either because farmers and their supporting 
institutions are modifying their strategies in ways that respond to emerging changes or 
because the underlying systems on which their livelihoods are based are sufficiently flexible 
to absorb the impact of climate changes, then both are considered to be robust. Yet, the 
current trend of weaning resources away from agricultural and climate research, especially 
in developing countries, endangers the vital support provided by public institutions for 
farmers to adapt to climate change. Therefore, agricultural adaptation to future climate is 
contingent upon continued investment in agriculture, as well as active engagement of public 
institutions responsible for developing and disseminating appropriate technologies for 
farmers operating in specific climatic regions. Successful adaptation involves a dynamic 
process of adjustment to resource endowment created by a new and changing climate. I 
argue that if research establishment and farmers have made appropriate responses to 
improve their capacity to respond to climatic constraints then they are generally better 
prepared to adapt to changing climate. 
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